ABSTRACT. Common bean (Phaseolus vulgaris L.) was introduced in Europe from both Mesoamerican and Andean centers of origin and has been cultivated in central Europe for centuries. The first objective of this study was to evaluate genetic diversity and the population structure of 167 accessions divided into four groups according to geographical origin (Slovenia and Austria) and time periods (historical and present) using 14 simple sequence repeat (SSR) markers. The second objective was to improve our understanding of the pathways of dissemination and the evolution of this species in central Europe.
Common bean is by far the most widely consumed grain legume in the world (Singh, 2001) . Domestication of common bean took place in two, already diverged ancestral wild gene pools distributed from northern Mexico to Colombia (Mesoamerican gene pool) and from southern Peru to northwestern Argentina (Andean gene pool) (Gepts et al., 1986; Khairallah et al., 1990; Koenig and Gepts, 1989) . After the initial domestication phase, the common bean spread between Mesoamerica and South America and, after the European exploration of the Americas, to Europe and Africa (Gepts and Bliss, 1988; Gepts et al., 1986) .
Common bean was introduced in Europe soon after Columbus' first voyage in 1492 (Zeven, 1997) . These specimens were probably mainly of Mesoamerican origin because of the extensive commerce among Mexico, the Caribbean islands, and Spain (Rodino et al., 2006) . In 1528 Pizzaro explored Peru, opening the possibility of introducing common bean from South America. Within Europe there was likely a quick distribution of common bean from the Iberian Peninsula as a curiosity (Zeven, 1997) . No records of common bean earlier than 1543 have been found in northwestern European herbaria, suggesting that the common bean was distributed in northwestern Europe after 1540 and in 1669 it was cultivated on a large scale (Zeven, 1997) . Interestingly, none of the early records indicates the origin of the species (Gepts and Bliss, 1988) .
Large variation of common bean evolved in Europe as a result of adaptation to new ecological and manmade conditions. Thousands of landraces, old and modern cultivars, are cultivated and maintained in gene banks across the European continent. Genetic diversity of the collections has been evaluated in numerous studies using different molecular markers. These include allozymes (Rodino et al., 2006; Santalla et al., 2002 Santalla et al., , 2010 , phaseolin seed storage protein (Limongelli et al., 1996; Logozzo et al., 2007; Pérez-Vega et al., 2009; Piergiovanni et al., 2000; Rodino et al., 2003) , amplified fragment length polymorphism [AFLP (Lioi et al., 2005; Šuštar-Vozlič et al., 2006; Svetleva et al., 2006) ], random amplified polymorphic DNA (Marotti et al., 2007; Ocampo et al., 2005) , and intersimple sequence repeat (Marotti et al., 2007; Sicard et al., 2005; Svetleva et al., 2006) . Approximately 400 microsatellite or SSR markers have been developed for common bean (Blair et al., 2003; Gaitan-Solis et al., 2002; Metais et al., 2002; Yu et al., 1999) and used in construction of a genetic map (Blair et al., 2003; Yu et al., 2000) , and evaluation of genetic variability (Angioi et al., 2009 (Angioi et al., , 2010 Pérez-Vega et al., 2009; Sicard et al., 2005) . Presently, SSRs are the markers of choice to evaluate genetic diversity in plants mainly as a result of high polymorphism presented and the facility interpreting results.
In the study reported here, the organization of genetic diversity in common bean from Austria and Slovenia was examined using SSR markers. Austria and Slovenia are neighboring countries located in the southern part of central Europe. They belong to different ethnolinguistic groups, Germanic and Slavic, but they were part of the same political integration for several centuries in the previous millennium. Both historical and present landraces were examined in this study providing a rare and invaluable opportunity to evaluate the diversification process in common bean in a timeline and limited geographic area. The second objective of this study was to indicate the historical introduction routes of common bean in central Europe using the data obtained in this study and the data available in scientific literature.
Materials and Methods
PLANT MATERIAL. A total of 403 individuals, representing 167 different common bean accessions, were included in this study (Table 1) . These accessions included 58 landraces represented by 196 individuals from the new and 49 landraces (93 individuals) from the 50-year-old common bean collection at the Agricultural Institute of Slovenia (new Slovene accessions and old Slovene accessions, respectively), whereas 27 landraces (81 individuals) originated from the new and 33 landraces (33 individuals) from the 200-year-old common bean collection at Agrarbiologie Linz, Austria (new Austrian accessions and old Austrian accessions, respectively).
Both the group of Austrian and the group of Slovene old accessions as well as 42 new Slovene accessions were already examined by Maras et al. (2006) using SSR markers. Moreover, a set of 27 new Slovene accessions were studied previously by Šuštar-Vozlič et al. (2006) using AFLP markers and phaseolin seed storage protein (all 27 accessions, except accession PHA374). This set of 27 new Slovene accessions includes also 16 accessions, which have not been analyzed yet by SSR markers (Table 1) .
DNA EXTRACTION. Each studied individual represents s single seed from which the total DNA was extracted using a GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO). DNA was extracted from only one seed of old Austrian and the majority of old Slovene accessions because seeds of these ancient accessions are scarce and non-viable. Embryos from single seeds were isolated and ground into fine powder in liquid nitrogen. DNA was then extracted following the manufacturer's instructions and stored at -20°C. Integrity and quality of DNA were evaluated by electrophoresis on 0.8% agarose gels. Concentrations of DNA samples were determined with a fluorometer (TKO-100; Hoefer, Holliston, MA).
MOLECULAR ANALYSES. Fourteen SSR loci developed by Gaitan-Solis et al. (2002) and Metais et al. (2002) were analyzed ( Table 2) . Amplification reactions were performed with the thermocycler (Gene Amp PCR system 9700; Life Technologies, Grand Island, NY) in a 10-mL reaction mixture. Each reaction contained 1· polymerase chain reaction (PCR) buffer, 2 mM MgCl 2 , 200 mM dNTPs, 0.25 mM unlabeled right primer, 0.25 mM labeled left primer, 0.5 U of AmpliTaq DNA Polymerase (Life Technologies), and 20 ng of genomic DNA. Loci were amplified using a profile of initial denaturation at 95°C for 3 min followed by 30 cycles of strand denaturation at 94°C for 30 s, primer annealing at 47 to 62°C for 30 s, DNA extension at 72°C for 30 s, and final extension at 72°C for 4 min. Fluorescently labeled PCR products were mixed with formamide and internal size standard (GeneScan-350; Life Technologies) and genotyped on the ABI Prism 310 Genetic Analyzer (Life Technologies) using GeneScan Analysis Software 2.1 (Life Technologies).
DATA ANALYSES. The number of specific and shared alleles in the four groups of accessions were counted for each SSR locus (Table 2) .
Total genetic diversity was partitioned among and within four groups of accessions by carrying out a hierarchical analysis of molecular variance (AMOVA). The Fst was calculated and significance testing was performed using the permutational procedures offered in GenAlEx 6 (Peakall and Smouse, 2006) . The same procedure was used then in the assessment of all possible pairwise comparisons among four groups of accessions and groupings according to cultivation period and geographical origin.
To illustrate the distribution of genetic variability across individuals, a factorial correspondence analysis (FCA) as implemented in Genetix 4.02 (Belkhir et al., 2001 ) was carried out. The principle of FCA is based on transformation of genetic data into a contingency table (samples · alleles), in which each sample is described by the allele presence. The c 2 distance is used to measure the relatedness between any two samples in the multidimensional space. The resulting factorial axes that optimize the differences between the analyzed individuals are ordered according to their values. The first axis corresponds to the largest value and explains the most general pattern or structure contained in the data set (Guinand, 1996) .
Using SSR data, we applied a Bayesian model-based clustering algorithm implemented in Structure 2.1 (Pritchard et al., 2000) to verify the assignment of the accessions according to the gene pool of origin. Because Structure overestimates the number of clusters when examining inbred individuals, it is more reliable to choose the number of clusters based on prior information (Pritchard and Wen, 2004) . We set the number of clusters (K) to two, owing to prior knowledge of the organization of genetic diversity from FCA. Five runs of Structure were performed, setting the burn-in time to 80,000 and replication number to 200,000.
Results
A total of 147 alleles were found across the full set of individuals. The average number of alleles per SSR was 10.5 and ranged from four alleles for ATA5 to 16 alleles for ATA13 and GATS91 (Table 2) . Other SSRs showing a high number of alleles were ATA6 and BM170 each with 12 alleles and ATA16, BM183, and BM210 with 14 alleles. The size range between smallest and largest allele observed for a given SSR varied from 12 bp (ATA7) to 54 bp (ATA13).
Of the total data set, the groups of new and old Slovene accessions were the most variable with an average of 8.2 and 6.7 alleles per primer pair ( Table 2 ). The smallest number of alleles among the four groups was found in old Austrian accessions (84), but this group was the second most abundant concerning group-specific alleles (10).
With respect to geographical origin of accessions, 129 out of a total of 147 alleles were found in 107 Slovene accessions (289 individuals), including 39 group-specific alleles, whereas 108 alleles were found in 60 Austrian accessions (114 individuals), of which 18 were group-specific. With regard to the period of cultivation, more alleles (125) were found in both new groups than in both old groups of bean accessions (111). There were 36 alleles specific to the group of 85 modern accessions (277 individuals), whereas 22 alleles were detected only in the group of 82 old accessions (126 individuals) from Slovenia and Austria.
The AMOVA revealed that the molecular diversity was significantly different among all four groups of accessions (Table 3) . It was shown that most of the molecular variation in the studied groups exists among accessions within groups (93%) with lesser amounts among groups (7%). It was confirmed, subsequently, that a between-group component of variation is statistically significant in all possible pairwise group comparisons and accounted for between 2.35% and 10.92% of total variation.
The within-group component of variation predominated also in the cases when AMOVA was used in the assessment of temporal (old and new) and geographical (Slovene and Austrian) group effect. Although highly significant, the between-variance component represented only 2.53% of the total temporal variation.
A much higher portion of the total geographical variation was accounted by the between-group component (8.03%) indicating that the accessions are more differentiated as a function of their geographical origin than of their cultivation period.
Relationships among the individuals revealed by the FCA are presented in Figure 1 . The first three components explained 12.6% of the total variation with 5.5%, 4.0%, and 3.1% for the first, the second, and the third components, respectively. The FCA exhibits separation of individuals neither according to the geographical origin nor the period of cultivation. A striking pattern emerges from the FCA when the gene pool of origin of accessions, established in previous studies Š uštar-Vozlič et al., 2006) , is considered. Clear differentiation of accessions according to the gene pool of origin could be observed at the value -0.5 on the first axis. The dominating Andean gene pool consisted of 336 individuals representing 136 accessions ( Fig. 1 Information on gene pool of origin was acquired by the factorial correspondence analysis in the present study using Genetix 4.02 (Belkhir et al., 2001) , whereas the two accompanying superscripts represent gene pool of origin as reported by Maras et al. (2006) and Š uštar-Vozlič et al. (2006) , respectively. M = Mesoamerican gene pool; A = Andean gene pool. 15 (3) 13 (1) 14 (2) 14 ( 7 (1) 12 (5) 9 (2) 11 (6) 8 ( 15 (2) 14 (1) 14 (2) 14 ( 10 (4) 9 (2) 12 (5) 9 (4) 10 (5) Total 147 115 (23) 94 (7) 85 (6) 84 (10) 129 (39) 108 (18) 125 (36) 111 ( Mesoamerican gene pool contained 67 individuals representing 31 accessions ( Fig. 1; (2006) . The larger group included 22 accessions with C-and T-phaseolins, typical for Andean common bean germplasm, whereas the smaller group contained one accession of C-phaseolin and three accessions of S-phaseolin, which is most widely distributed among genotypes of Mesoamerican origin. With regard to our previous studies Šuštar-Vozlič et al., 2006) , only few discrepancies were observed in the classification of 140 common accessions (322 individuals) into gene pools of origin. In the recent study, 121 accessions (291 individuals) were found in the Andean gene pool including one accession (A6), which was observed in the Mesoamerican gene pool in earlier reports (Table 1) . Meanwhile, the Mesoamerican gene pool comprised 19 accessions (31 individuals) and hosted also two accessions (S7, S34), which belonged to the Andean gene pool in the previous reports ( Table 1) .
The classification of the accessions according to the gene pool of origin was further verified using a Bayesian modelbased clustering algorithm implemented in Structure. The two clusters detected in the Structure analysis corresponded to the two major gene pools (Fig. 2) . A very clear population structure of the studied individuals (accessions) was observed because the majority of them showed 100% probability of membership to either of the two gene pools, Andean or Mesoamerican. The accession PHA452 showed a notable mixed population structure with one individual exhibiting 100% Mesoamerican ancestry and other two individuals showing probability of Andean higher than 60%. An admixed genetic background was detected also for several other accessions. Both FCA and Structure analysis suggest that hybrids of genotypes from a different gene pool of origin exist in the studied collections.
Discussion
Studies of the level and the structure of the genetic diversity of local cultivars of P. vulgaris are of fundamental importance, both for management of genetic resources and improvement of our understanding of the pathways of dissemination and the evolution of this species in Europe (Angioi et al., 2009) . Although genetic diversity of common bean germplasm has been studied in detail in some European regions and countries (i.e., Spain, Portugal, and Italy), the information on collections from central and eastern Europe is poor. One main goal of this research was to characterize global genetic diversity in a large set of bean accessions from two central European countries, Slovenia and Austria, and different time periods using SSR markers. A great deal of effort has already been put into characterizing genetic diversity of Slovene accessions using molecular and biochemical markers Š uštar-Vozlič et al., 2006) . Here attention is directed toward the Austrian bean germplasm and the relevance of newly acquired findings on modern Austrian accessions.
A total of 147 alleles were detected at 14 analyzed SSR loci with a mean of 10.5 alleles per locus in 167 accessions. This is comparable to the previous published reports, which affirmed SSRs as a very efficient tool in detecting DNA polymorphisms in common bean (Asfaw et al., 2009; Blair et al., 2006 Blair et al., , 2009 Pérez-Vega et al., 2009) . With respect to the data on allelic diversity, it is evident that a large variation of common bean existed in the past in the part of central Europe that embraces Austria and Slovenia and of which a great portion has been preserved until today.
Concerning different groups of accessions, the group of 58 new Slovene accessions predominates in group-specific alleles (23), whereas a set of 33 new Austrian beans contributed the lowest number of group-specific alleles (six). A notable shift in the frequency of several alleles was observed within Austrian beans. In the group of new accessions, 23 alleles were present that were not observed in a group of old accessions. The frequency of these alleles was not very high with only one exceeding 0.50 and another one 0.10. There were 23 alleles that were not detected in the modern Austrian beans of which 18 had a frequency lower than 0.10. This shift in allelic frequencies resulted in a relatively high Fst value (6.60) between two Austrian groups of accessions and was almost as high as the one calculated between the old Austrian and Slovene beans. At the same time, a rather low Fst value (2.35) was observed between the two Slovene groups. This indicates that the Austrian common bean germplasm has undergone a relatively strong diversification process in the last 200 years when compared with the Slovene germplasm. The discrepancy observed here could be explained in part by different ages and durations of cultivation of studied materials; other possible explanations are discussed later in the article.
AMOVA also revealed that both groups of new accessions exhibit the greatest differentiation against the accessions from other country regardless of the cultivation period. Apparently, in the last century, Austrian and Slovene beans have been diversifying through accumulation of different alleles building up distinct genetic structures. The evidence for this phenomenon comes also from the analysis of molecular variance calculated for the accessions grouped according to temporal and geographical criteria. Observation of low differentiation according to temporal parameters reflects the fact that a great part of the variation stored in the old accessions is comprised within the new accessions, whereas stronger differentiation of the accessions with respect to geographical criterion indicates that the genetic structure of the accessions from two countries has diverged substantially.
Many different factors must have contributed to increasing differentiation between the Austrian and Slovene germplasm. The strongest is probably the fact that the exchange of agricultural goods between the two regions slowed down after the collapse of Austro-Hungarian monarchy and formation of independent countries at the end of World War I. Commercial activities between the countries revived again only in the 1990s. Under the conditions of limited gene flow between the regions, evolution driven by various climatic conditions and diverse criteria of selection for morphoproductive characters used by farmers from different regions resulted in intensified diversification of the two germplasms. According to Zeven (1997) , numerous introgressions and dissemination of new genotypes ever since the discovery of the American continent had a strong impact on the evolution of beans in Europe. Thus, introduction of genotypes from third countries could have further promoted the diversification of Austrian and Slovene bean.
With reference to the previous investigations of the origin of Slovene common bean Š uštar-Vozlič et al., 2006) , the clustering pattern in FCA was easily resolved. Two well-defined groups were observed in the FCA plot, a large Andean group with 136 accessions and a smaller Mesoamerican group with 31 accessions. The first group included 89.8% of all old and 91.4% of all new Slovene accessions as well as 72.7% of all old and 55.6% of all new Austrian accessions. Solely C-and T-phaseolins were observed in the Andean cluster, whereas the Mesoamerican cluster contained three accessions with S-type and one accession with C-type. Further division of Andean accessions can be observed on a secondary axis of the FCA plot. In our previous studies, we described one of these subgroups within the Andean gene pool as a unique germplasm and potentially one of the secondary centers of common bean diversity in Europe ). The present study shows that this germplasm was present in this region already 200 years ago. Furthermore, Maras (2007) showed that the accessions from this group resemble very well morphologically to Frutilla, an Andean bean genotype from Chile. All these findings suggest that these accessions represent a well-preserved genetic variability originating from South America, presumably from Chile, rather than a novel secondary center of genetic diversity.
The data clearly show that Andean genotypes have had a predominating role in the cultivation of common bean in Slovenia and Austria for centuries. It is evident that a low ratio of Mesoamerican genotypes in Slovenia has further declined in the last 60 years (from 10% to 8%). On the contrary, its ratio advanced considerably in Austrian bean germplasm in the last two centuries (from 27% to 44%). With respect to germplasm management, this is of great significance because genotypes from different gene pools complement each other in many important agroecological traits, including resistance to diseases and pests, growth habit, yield potential, and sensitivity to photoperiod, high temperatures, and moisture stress (Singh et al., 1991) .
In a large survey of European bean accessions, Angioi et al. (2010) classified Austria together with Germany, France, the United Kingdom, and Sweden to the central-northern region Bayesian model-based cluster analysis in Structure 2.1 (Pritchard et al., 2000) . Each individual is represented by a thin vertical line, which is partitioned into two colored segments that represent the individual estimated membership to the two clusters; black color represents Andean gene pool, whereas gray color indicates Mesoamerican gene pool.
characterized by a high incidence of Andean genotypes with Tphaseolin and a considerable proportion of Mesoamerican genotypes (29%). This is in agreement with the findings of the present study, in which a high proportion (44%) of Mesoamerican genotypes in Austrian germplasm was observed. In the same report, Angioi et al. (2010) classified Slovenia with southeastern European countries, where C-, T-, and S-phaseolins were observed in almost equal proportions. On the contrary, the findings of the current and our previous studies Šuštar-Vozlič et al., 2006) , in which a high occurrence of Andean genotypes with C-phaseolin was revealed, clearly show that Slovenia belongs to the Mediterranean basin. Furthermore, the results indicate also that common bean was introduced into Slovenia primarily by western routes through Italy, where strong dominance of Andean genotypes has been reported for several regions (Angioi et al., 2009; Limongelli et al., 1996; Piergiovanni et al., 2000; Sicard et al., 2005) . Different historical scripts and masterpieces indicate that common bean was part of the diet in Italy already in the early 16th century (Piergiovanni and Lioi, 2010) . The earliest written evidence of common bean in Slovenia dates back to 1689, when Valvasor (1689) described it as a very popular crop cultivated on a large scale inside Slovene territory. Early occurrence and rapid dissemination of common bean in Italy and Slovenia indicate that these two countries might have represented entering points for the first beans in Austria. They probably maintained this role until the beginning of the World War I and the collapse of the Habsburg Monarchy afterward, when the flux of beans among the three countries must have declined drastically. The results of the recent study suggest that Austria compensated this drop in trading activity by strengthening northern trading routes, which ultimately altered the genetic landscape of common bean and probably also of other crops. Bayesian model-based cluster analysis confirmed the primary division of genotypes revealed by FCA. Genetic structure of the majority of the accession could be unambiguously assigned to one of the major gene pools. Structure analysis also indicated the existence of hybrids in Austrian and Slovene germplasm. These potential hybrids were observed also in FCA and were distributed in the plot between the two major gene pools. The existence of hybrids in Europe was first reported by Santalla et al. (2002) , who found intermediate patterns of allozyme profiles in hybrids. Later, Rodino et al. (2006) showed that these genotypes possessed phaseolin typical of one gene pool and one or more morphological and allozyme traits of the other gene pool. Based on the analysis of six chloroplast SSRs and two nuclear loci of large number of European accessions, Angioi et al. (2010) suggested that a considerable proportion (44%) of the European bean germplasm was derived from hybridization between the Andean and Mesoamerican gene pools. According to Rodino et al. (2006) and Santalla et al. (2002) , hybrid genotypes gave rise to the secondary center of genetic diversity for common bean in Europe. They represent promising intergene pool crosses, which might facilitate broadening of the genetic base of cultivars and maximizing gains from selection for plant type, adaptation, yield, and resistance to high and low temperature, drought, pathogens, and low soil fertility (Singh, 2001) .
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